The original light-brown sandy seam filling of pavements in urban areas turns dark and changes its properties by the time due to various inputs of urban dust. Deposited C org inputs do mostly not have natural characteristics but are man-made, e.g., diesel dust. Thus, properties of the seam material are not predictable from experiences with forest or agricultural soils. Semiperviously sealed urban areas are sites of contaminant deposition as well as groundwater recharge. For an assessment of the resulting groundwater-contamination risk in these areas, the properties of the seam material, which influences transport processes, must be known. The aim of this study was to investigate the pore-system build-up, which includes size distribution and fractal character in the seam material of urban sites. The investigated samples were taken from pavements adjacent to roads in Berlin and Warsaw. The micropore parameters (nanometer range) were characterized using water-vapor desorption isotherms, mesopore parameters (micrometer range) were estimated from mercury-intrusion porosimetry and macropore parameters (millimeter range) from water-retention curves. Particle density, dry bulk density, and particle-size distribution were measured using standard methods. Volumes of micro-and mesopores as well as particle densities and dry bulk densities correlated with C tot contents. However, no such relation was found for macropore volumes. Compared to the original sandy seam filling, the altered seam material shows significantly higher C org contents and higher amounts of micro-and mesopores. Therefore, the available water capacity increases by 0.05-0.11 m 3 m -3 , as compared to the original sandy seam filling. Compared to natural sandy soils having similar C org contents, the seam material shows similar macropore volumes, but the volume of mesopores and micropores is a few times smaller. That is mainly because of the particulate character of the organic matter.
The original light-brown sandy seam filling of pavements in urban areas turns dark and changes its properties by the time due to various inputs of urban dust. Deposited C org inputs do mostly not have natural characteristics but are man-made, e.g., diesel dust. Thus, properties of the seam material are not predictable from experiences with forest or agricultural soils. Semiperviously sealed urban areas are sites of contaminant deposition as well as groundwater recharge. For an assessment of the resulting groundwater-contamination risk in these areas, the properties of the seam material, which influences transport processes, must be known. The aim of this study was to investigate the pore-system build-up, which includes size distribution and fractal character in the seam material of urban sites. The investigated samples were taken from pavements adjacent to roads in Berlin and Warsaw. The micropore parameters (nanometer range) were characterized using water-vapor desorption isotherms, mesopore parameters (micrometer range) were estimated from mercury-intrusion porosimetry and macropore parameters (millimeter range) from water-retention curves. Particle density, dry bulk density, and particle-size distribution were measured using standard methods. Volumes of micro-and mesopores as well as particle densities and dry bulk densities correlated with C tot contents. However, no such relation was found for macropore volumes. Compared to the original sandy seam filling, the altered seam material shows significantly higher C org contents and higher amounts of micro-and mesopores. Therefore, the available water capacity increases by 0.05-0.11 m 3 m -3 , as compared to the original sandy seam filling. Compared to natural sandy soils having similar C org contents, the seam material shows similar macropore volumes, but the volume of mesopores and micropores is a few times smaller. That is mainly because of the particulate character of the organic matter.
Introduction
Although it is convenient for the city's population, soil sealing is one of the most frequent and drastic soil alterations in urban areas, leading to a number of ecological and finally economical problems. Compared to natural environments, the surface runoff increases and infiltration decreases. The consequences are fast and pronounced responses in the discharge of receiving water courses, which can be flood-relevant. Furthermore, it can cause overrunning of combined sewage systems, which induces pollution of urban rivers with untreated wastewater (Heinzmann, 1998) . The result of the decreased infiltration is a smaller amount of available soil water for the evapotranspiration. This leads to higher sensible heat and smaller latent heat: the city becomes hotter (Wessolek, 2001) . The mean annual temperature increases by 0.5-1 K with absolute maximum differences of up to 10 K compared to surrounding nonsealed and green areas (Kuttler, 1998) . Hotter urban climate leads to human-health problems and to increased macroeconomic costs in these areas (Tol, 2002; Townsend et al., 2003) . Therefore, increasing rainwater infiltration is a main idea of ecological urban planning. Pervious sealing (e.g., cobblestones, concrete slabs with open seams) can help to reach this goal: Compared to impervious soil sealing, e.g., concrete or tar, seams allow at least little exchange between the sealed soils and their environment including gas exchange, water infiltration, and solute fluxes (Wessolek, 2001) . These processes are mainly determined by the seam percentage and the age of the seam material. With increasing age, the original seam filling (usually coarse sand) becomes less conductive (Borgwardt, 1993; Wessolek and Facklam, 1997) due to accumulations of different species including foliage, diesel dust, oil, etc. Whether these accumulations can fulfill positive filter functions has not been studied yet. However, it is known that because of the emissions caused by traffic and industry, the rainwater runoff on semiperviously sealed urban areas is often contaminated (Dannecker et al., 1990) . Furthermore, the groundwater recharge under semiperviously sealed areas can be even higher than under nonsealed soils, because of the reduced evaporation (Gugla et al., 1999) . This phenomenon potentially results in high pollutant loads, even if pollutant concentrations in the soil solution are low. Semipervious pavement systems are constructed to be highly conductive by using materials which are weak in retention, but its upper layer, the dark seam material, which is rich in C org , may act as a filter. Therefore, it may strongly influence all exchange processes and the water behavior in the pavement system. Although some physical characteristics and infiltration capacities of different pavements have been investigated (Schramm, 1996; Wessolek and Facklam, 1997) , characteristics of the pore system of seam materials have not been studied yet. Thus, the database for a risk assessment and for modeling the behavior of water in the pavement is missing.
Our objective is to investigate physical and ecological properties of seam materials and to obtain data that allow modeling the water balance of partly sealed soils, considering the seam materials.
Because it is difficult to characterize the pore-size distribution (PSD) over a wide range of pore sizes with a single method, a combination of different methods is appropriate (Roquerol et al., 1994) . In this paper, water-vapor adsorption/desorption, mercury-intrusion porosimetry (MIP), and water content-water potential (pF) measurements were combined. The pore system is described in terms of total porosities, average pore sizes, PSD functions, and fractal dimensions. With these measurements, we are able to describe the impact of the various accumulations on ecological functions of the seam material like water-holding capacity. We are also able to describe the accumulations itself, e.g., in terms of grainsize distribution and physical character.
Materials and methods

Basic characteristics of the studied materials
Berlin and Warsaw, two cities with similar geographic conditions (with respect to climate, soils, elevation, etc.) but different environmental conditions (industry, traffic, environmental policy) were chosen to be the sampling sites. The samples consisted of the material that fills spaces between single stones of pavements, which were located close at or directly on roads. The dark layer at 0-1 cm depth was always distinguishable from a much brighter 1-5 cm layer (Fig. 1) . Obviously, the upper layer consists of material, influenced by all external factors and deposits, while the deeper one represents the material, which is not severely altered by external deposits. In Berlin (B samples), the 0-1 cm layer and the 1-5 cm layer were sampled, whereas only the 0-1 cm layer was sampled in Warsaw (W samples). Samples were taken in the following streets: B1, B1a Monbijouplatz; B2, B2a Weidendamm; B3, B3a Schnellerstraße; B4-B8, B4a from different places at the Großer Stern; W1 Emilii Plater; W2 Jerozolimskie; W3 Pulawska; W4 Rzymowskiego; W5 Stanow Zjednoczonych; W6 Modlinska; W7 Slowackiego; W8 Wilanowska; and W9 Rowecki Bridge. Sampling sites were located on sidewalks within 2 m from roads with different traffic intensity, while the B9 and B10 Pflügerstraße were sampled directly on the road. Samples B1a-B4a come from the same points as B1-B4, but consist of material from the 1-5 cm layer. It was nice experiencing the great interest of pedestrians and policemen in our work and explaining them why we were "scraping up the dirt from the sidewalks".
Basic properties of the studied samples are presented in Tab. 1. The C tot and C org (after carbonate destruction with 0.1 M HCl) contents were measured using a Carlo Erba C/N analyzer (Carlo Erba Instruments, Milano, Italy). The electric conductivity was determined in the 2:1 (water : soil) solution using a conductivity meter (WTW, Weilheim, Germany). The grain-size distribution was determined according to DIN-ISO 11277 (DIN, 2002) .
Porosity measurements
Water-vapor adsorption/desorption isotherms were used for studying pores ranging from about 10 -9 to 10 -7 m, which are named micropores in the following. Water-vapor sorption is the most appropriate method to simulate natural conditions. In contrast to N 2 adsorbate, the dipole character of H 2 O allows to address the hydrophilic and hydrophobic character of the seam material. Water-vapor adsorption/desorption isotherms were measured in a vacuum chamber at the temperature T = 294 ± 0.1 K. The relative water vapor pressure p/p 0 in the chamber was controlled by sulfuric acid of stepwise decreasing (adsorption) and increasing (desorption) concentrations. The amount of adsorbed water a [g g -1 ] at a given p/p 0 was measured after 48 h of equilibration by weighing the samples 3 times. The dry masses of the samples (24 h/ 378 K) were determined after completing the isotherm measurements. Results of triple weighings always had a coefficient of variation c v of less than 2%. MIP measurements were used for studies of pores ranging from about 5 × 10 -7 to 1 × 10 -5 m (named mesopores) using a Carlo-Erba 2000 porosimeter. Prior to the measurements, the samples were dried overnight at 378 K and degassed in vacuum at lab temperature, which is required for the MIP technique. The MIP curves, showing the volume of mercury intruded to the sample vs. intrusion pressure, were registered. Triplicate measurements had a c v < 4%.
Soil water-retention curves were used to characterize pores in the range of 1 × 10 -6 to 3 × 10 -3 m in diameter (named macropores). Small 3.3 cm 3 cylinders were filled with homogenized seam material in the laboratory and then wetted and dried 8 times in order to stabilize the structure. For measurements at high matric potentials, the suction-plate method was applied (Richards, 1948) . Water retentions at low matric potentials were measured by using the pressure-chamber method (Kutilek and Nielsen, 1994) . The matric potential is expressed by the pF value, the logarithm of the negative pressure head. The dependencies were expressed on the dry-mass basis. The dry mass of the samples (24 h / 378 K) was determined after completing the experiment. The
www.plant-soil.com pF-curve measurements were conducted in four replicates with deviations less than 10% of the arithmetic average. Two samples were not measured due to lack of a sufficient amount of material. Furthermore, the measurements required a difficult experimental setup, which includes a good contact between the ceramic plates and the samples. However, while drying, some of the samples showed a pronounced shrinking, and the contact was lost, which lead to missing values. Data for these samples are not shown.
Additionally, we measured 18 (0-1 cm), respectively 10 (1-5 cm) different samples of site B10 (named B10*, respectively B10*a). The samples were taken from positions evenly distributed across the street and taken undisturbed at intersections of the pavement seams, where the small 3.3 cm 3 cylinders fit. The samples were measured in order to estimate the variance of the water characteristics and to compare undisturbed vs. disturbed sampling. We present average values and standard errors of those measurements (Tab. 2).
Mualem-van Genuchten parameters n, (m = 1 -1/n), h r , h s , a were fitted to experimental data by using the software RETC 6.0 (U.S. Salinity Laboratory USDA-ARS, 1991, Riverside, CA, USA; see also : van Genuchten et al., 1991) .
It is important to note that the size ranges of the pores measured by the applied techniques overlap. However, the nomenclature introduced above for micro-, meso-, and macropores will be continued to differentiate the methods used to measure the respective pore volumes.
Particle density (q P ) was estimated using helium pycnometry. Dry bulk density (q B ) was measured by weighing the mass of the given volume of the homogenized sample after pF measurements.
Calculations of pore parameters
Micropore radius r mic was related to the relative water vapor pressure p/p 0 during desorption process by the Kelvin equation (Hillel, 1998) :
where M is the molecular mass of water, r is the liquid surface tension, c is the liquid-solid contact angle (assumed to be zero), q is the density of the liquid adsorbate, R is the universal gas constant, and T is the temperature. Abbreviations: a-samples taken from 1-5 cm depth; C-carbon content (tot-total, org-organic); EC-electric conductivity; q B -dry bulk density; q P -particle density; V-pore volume; r-average pore radius; D-fractal dimension; subscripts: mic-micropores, mes-mesopores, mac-macropores.
Mesopore radius r mes was related to the mercury intrusion pressure P by the Washburn equation (Washburn, 1921) :
where the mercury-solid contact angle was taken as 141.3 degree for all samples.
Macropore radius r mac was related to water pressure head h by the equation (Kutilek and Nielsen, 1994) :
where g is the acceleration due to gravity, q L is the density of the liquid (water), and q A is the density of the air.
In all studied pore ranges, the volume of liquids filling the samples at the given pressure was taken as the cumulative volume V of pores associated with a given (pressure-related) radius: amount of (adsorbed) water was the pore-volume estimation in desorption experiments (V mic ), amount of intruded mercury in MIP experiments (V mes ), and amount of retained water in pF experiments (V mac ).
After having estimated the pore volume vs. radius dependence in the above described way, fractions of pores in the given range of radii f(r av,i ) were calculated as:
where r av,i is the arithmetic average of two subsequent radii, and V t is the total pore volume, e.g., maximum amount of the liquid present in the sample in a given measurement (V t = V mac or V t = V mes or V t = V mic , depending on the pore-size range), and r i and r i+1 are subsequent, pressure-related (experimentally adjusted) pore radii in a given measurement. The f(r av,i ) are PSD functions. The average pore radius, r av of the individual pore-size range was obtained from:
For the micropore calculations, it was assumed that the liquid condensation in micropores occurs above p/p 0 = 0.35 (below this value, surface adsorption processes dominate). Thus, the total micropore volume, V mic , was taken as the volume of the adsorbate at the maximum p/p 0 value applied minus the volume of the adsorbate at p/p 0 = 0.35 (Jozefaciuk et al., 2002) .
The average radius of mesopores was calculated for pore radii <6 × 10 -6 m (for these pores, the replicates of MIP curves overlap better with each other than in the whole pore-size range).
The micropore fractal dimensions, D mic , were calculated from the slopes of the linear parts of the ln-ln plots of adsorption a vs. adsorption potential A = RT ln(p 0 /p), using the equation (Pfeifer and Obert, 1989; Jaroniec and Kruk, 1997) :
This equation is derived for a multi-layer adsorption region, e.g., for the values of ln A < 0 (Sokołowska et al., 1999) .
The fractal dimension of mesopore surface, D mes , was calculated from the linear parts of log-log plots of the first derivative of pore volume as a function of radius vs. radius using the following dependence (Pachepsky et al., 1995) :
3 Results and discussion
General characteristics
Sand of varying size was the main component of the seam materials. Different amounts of organic substances have been accumulated within. Seam materials were mainly composed of 6.3 × 10 -6 to 6.3 × 10 -4 m particles; coarser material was used for construction in Berlin compared to Warsaw (Tab. 1). The C org contents varied from 12 to 48 g kg -1 in the 0-1 cm layer and were much lower in the 1-5 cm layer (<3 g kg -1 ). The C tot contents varied from 16 to 52 g kg -1 and from 0.2 to 3 g kg -1 , respectively (Tab. 1). The 10 times higher C org amounts in the 0-1 cm layer compared to the 1-5 cm layer can be explained by C org , which is trapped in the upper layer, due to pores clogged by deposited particles. Thereby immobilized and immobilizing particles can be, of course, identically.
The electrical conductivities of the Berlin samples were lower than those of the Warsaw samples, which might have been caused by more frequent use of de-icing salts in Warsaw.
Experimental porosity data
Measured and calculated pore parameters of this study, which will be referred in the further discussion, are included in Tab. 1.
The experimental desorption isotherms for the seam materials ( Fig. 2) volume vs. relative water-vapor pressure, which is related to the micropore radius according to Eq. 1.
Compared to the original sandy seam filling (1-5 cm), the aged seam material (0-1 cm) shows an increased amount of adsorbed water, which implies a higher water-storage capacity (Tab. 2). Compared to sandy forest Ah horizons, the seam material sorbs up to 10 times less water, while showing similar C org contents (Hajnos et al., 2003) . This difference is a hint to the specific character of the seam material's organic matter, e.g., its low wettability and low swelling property.
On average, the amount of mesopores is higher in Warsaw than in Berlin samples due to the smaller average size of sand grains in Warsaw (Fig. 3, Tab. 1 ). The mesoporosity in the studied seam materials is much lower than in sandy forest Ah horizons (Hajnos et al., 2003) .
The dependencies of water retention vs. water potential can be interpreted in terms of soil macroporosity (Fig. 4) , although they include some mesopores (pores with 1 × 10 -6 < r < 3 × 10 -3 m). Both Berlin and Warsaw seam materials exhibit similar macroporosity. Contrary to the micropores and mesopores, the amount of macropores in seam material is similar to sandy forest Ah horizons (Hajnos et al., 2003) . Here, the sand fraction, which is similar in both soils, determines the water retention. The saturated water content h s , for instance, is not significantly different in 0-1 cm and 1-5 cm layers, which, even with deposits in the upper layer, show both sandy character.
Sample B10 shows a much higher porosity than the other samples, a measurement of undisturbed field samples B10* (N = 18) confirms this behavior. This is due to the highest C org and highest clay fraction, which caused the lowest dry bulk density. Furthermore, it is possible, that here the quality of organic matter (OM) was similar to "natural" soil organic matter (SOM). Contrary to other sites, there is lots of street trees' foliage, which cannot only contribute to C org contents, but can contribute to more "natural" humus substances while being decayed, similarly as in arable land or deciduous forest soils.
The calculated Mualem-van Genuchten parameters n fit to the sandy character of the samples (Tab. 2). They range from 1.3 to 2.7. According to Rawls et al. (1982) , only W1 ranges between sandy loam and loamy sand.
Calculated pore parameters
Micropore-size distribution functions as calculated from desorption isotherms (Eq. 1) have similar shape for all samples but W8 and W9 (Fig. 2 , only W9 is shown as representative). The latter seam materials exhibit much higher water sorption at high values of water-vapor pressure than the other seam materials. These samples are highly saline, as determined from high electrical conductivities (Tab. 1), which induces their hydrophilic character. Here, h measured at high values of relative water-vapor pressure are not caused predominantly by capillary condensation. Therefore, the pore parameters cannot be evaluated and will not be included in further discussions. The micropore-size distribution functions are similar for all studied seam materials and exhibit broad peaks in the 5 × 10 -9 to 3 × 10 -8 m pore-radii range, while amounts of smaller and larger pores are low. As a consequence, the average micropore radius (r mic ), around 2 × 10 -8 m, is similar for all samples, and no significant differences between Warsaw and Berlin or 0-1 cm and 1-5 cm layer samples are noted (Tab. 1). As long as the amount of inorganic particles in the clay fraction is extremely small, it is mainly the OM, which forms the micropore system in the studied seam materials. It is probably similar with all seam materials, and so are its intensive properties, e.g., micropore radius. The average micropore radius of the sandy forest Ah horizon, which obviously contain different OM, is about half of that of the seam material (Hajnos et al., 2003) .
The volume of the micropores exhibits fractal behavior for all the samples as proven from the linearity of ln-ln plots of adsorption vs. adsorption potential (not shown). The range of fractal scaling of the studied materials extends below the tra- ditional multi-layer regime and covers the pore radii down to about 1 × 10 -9 m. Such small pores can be referred as surface roughness. The ranges of the fractal scaling (linearity intervals) are similar for all materials. The fractal-dimension value, higher than 2.5 for majority of the samples, indicates a high surface roughness and complex character of micropore build-up. The fractal dimensions of micropores of seam material are in general higher than those of O horizons of sandy forest soils and similar to those of forest Ah horizons. This is because of the presence of small organic particles (Hajnos et al., 2003) . In 0-1 cm layers of seam materials, organic particles are smaller and more complex than in natural soils.
Mesopore-size distribution functions for the studied materials show a single peak with the maximum located at various positions depending on the sample (Fig. 3) . As calculated from the distribution functions, the average radii of the mesopores (r mes ) differ from 6 × 10 -5 to 4.2 × 10 -3 m, showing smaller values for the original filling than for the aged seam material. Small amounts of mesopores together with small mesopore radii indicate that the seam materials develop poor mesoporous structures. Higher mesopore volume is connected with larger mesopore radius. Therefore, it seems that the dimension of pores plays a more important role for the formation of mesoporosity than the number of pores. The seam material has similar mesopore radii as the forest Ah horizon.
Mesopores of the studied materials exhibit fractal character, which is seen from the linearity of dV/dr vs. r log-log plots (not shown). In general, the linearity ranges are found for all the samples; this also was observed for the micropores. The calculated fractal dimensions vary from 2.3 to 3.0 and are larger than 2.5 for more than 70% of the samples. This indicates a complex mesopore system. No significant differences occur between 0-1 cm and 1-5 cm layers of the seam material and between the sandy forest Ah horizons and the seam material as well.
Macropore-size distribution functions for the studied materials show a one-peak character with the maximum located at around 2 × 10 -5 m. However, high fractions of very large pores (from 1 × 10 -4 to 3 × 10 -3 m) cause the calculated average radii of the macropores (r mac ) to be large with 6 × 10 -5 to 5.5 × 10 -4 m (Eq. 5). Variations in the average macropore radii among the seam-material samples are high, and no differences between Warsaw and Berlin or within the layers are detectable. Concerning the macropore volumes, the seam materials are not significantly different from forest Ah horizons, but show a much higher variation, due to different site characteristics, e.g., age or traffic density.
General dependencies
Soil OM loosens the bulk density of natural soils (Zhang and Hartge, 1992) , increases soil permeability and aeration. In the studied materials, similar phenomena occurred. This can be seen from the decrease in particle density (Fig. 5) and dry bulk density and the increase of micropore and mesopore volumes with increasing C tot . The dry bulk density is higher in 1-5 cm layers than in the C tot -enriched 0-1 cm layers (Tab. 1). However, the correlation between the particle density and C org is not very strong (Fig. 5 ). There are light (humus) and heavy forms (diesel soot) of C org and beside it, there are other important components of urban dust. Pore volumes and dry bulk densities (Fig. 6-9) were stronger correlated to C tot , including urban typical airborne carbonate particles (abrasions from buildings), than to C org . This indicates the importance of the particulate carbonate deposits for the properties of seam material.
www.plant-soil.com There is a stronger correlation of C tot with dry bulk density calculated from MIP, which excludes macropores (R 2 = 0.73; Fig. 6 ) than with dry bulk density calculated from volume and mass of soil bed (R 2 = 0.61; not shown), which includes macropores. Especially, the micropore volume of the studied materials is well correlated with the amount of C tot (Fig. 7) . The regression line intersects close to origin, which is related to a small input of non-C components to microporosity. Compared to microporosity, the contribution of non-C components to mesoporosity is larger. This leads to a weaker correlation and a higher intersection point (Fig. 8) . The macropore volume shows the weakest correlation with C tot and the highest intersection point of the regression line (Fig. 9) , because macroporosity is mainly affected by the sandfraction particles. Furthermore, the correlation disappears, if the sample B10 is excluded (then: R 2 = 0.31, intersection = 229 × 10 3 m 3 kg -1 ). The statements mentioned above can be quantified as following: The intersection points of the regression lines at V 0 = f(C tot = 0) mark the contribution of non-C components to the individual pore volumes. Given by the regression, higher pore volumes, e.g., V ave , are connected to higher C tot contents. Therefore, the ratio (V ave -V 0 ) / V ave in a given pore range is an estimate for the contribution of carbonaceous components to V ave . One obtains: 85% for micropores, 70% for mesopores, and 29% (including B10) for macropores. Thus, carbonaceous material is more responsible for microporosity than for mesoporosity and least for macroporosity of seam material.
The average pore radii and fractal dimensions do neither correlate with C tot nor with C org .
Conclusions
This study shows that carbonaceous deposits govern the formation of the pore system of the investigated seam materials. The volume of the nanometer-size pores depends almost solely on the amount of deposited carbon, while the millimeter-size pores are mainly influenced by the grain sizes of the sand fraction. The volumes of the micrometer-size pores seem to be related to both above mentioned factors. Therefore, the seam materials have different physical properties and ecological functions, e.g., an improved water-storage capacity compared to the original sandy seam filling.
The organic deposits in the seam materials seem to have a rather particulate character. Thus, they differ from natural SOM. Therefore, we found different pore properties in the seam material and in sandy forest Ah horizons with similar C org contents.
Although various sites in different cities have been sampled, the seam materials exhibit common pore properties in a wide range of pore sizes.
However, soil chemical investigations are needed to assess the influence of the seam material on the solute transport in semiperviously sealed urban soils.
